An enzymic activity which catalyzes the reduction of N-acetyl-methionine sulfoxide to L-N-acetyl-methionine has been observed in a wide variety of plant tissues. Its activity depended on the presence of dithiotreithol in the incubation medium. L-Methionine-sulfoxide was essentially inactive as a substrate. Of all the physiological reductants tested, only thioredoxin partially replaced dithiothreithol. When fractions obtained by gradient centrifugation of gently disrupted barley protoplasts were assayed for the reductase, the activity was largely associated with chloroplasts although approximately 15% was found in the cytosolic compartment. The enzyme, isolated from spinach chloroplasts, had a broad pH optima between 7.0 and 8.0, and its K. for N-acetyl methionine sulfoxide is 0.4 millimolar. The possible participation of this ubiquitous enzyme in enzyme regulation is discussed.
Methionine3 plays a key role in the biochemistry of a cell. As a precursor of S-adenosyl methionine, it is a direct participant in methylation reactions, and it serves as the precursor for the generation of ethylene in all plant tissues; as methionyl-tRNA, it initiates protein synthesis in cells; as an amino acid residue, it is found essentially in all proteins. Thus, any modification of the structure of methionine or the methionyl residue in proteins can perturb biochemical systems in the cell. Although it has been known for sometime that methionine is readily converted to its sulfoxide under mild oxidizing conditions, only recently has the importance of this reaction been realized (5) .
The occurrence in Escherichia coli of an enzymic activity which reduced MetSO4 to methionine was reported more than 30 years ago (13) . This observation was later extended to yeast (1) , plants (9) , and animal tissues (10) . The observations that Met residues in proteins can be oxidized under physiological conditions to MetSO residues, and that this oxidation is often associated with loss of biological activity and with pathological conditions (5) , raises the possibility that this enzyme is involved in the reduction of protein MetSO residues with a concomitant restoration of enzyme activity. As a result of the work carried out with several organisms and tissues, it is now well established that animal tissues and microorganisms have a MetSO-peptide reductase which catalyzes the reduction of oxidized Met residues in proteins, restoring the biological activity of the protein (5) . At least in the case of E. coli, two different enzymes catalyze the 'Supported in part by the National Science Foundation, Grant PCM79-03976. 3In all references to methionine, the L-isomer was employed. 4Abbreviations: MetSO, methionine sulfoxide; AcMetS, N-acetyl-methionine; AcMetSO, N-acetyl methionine sulfoxide. reduction of free MetSO and MetSO-peptide (3). However, only spinach leaf extract has been tested for MetSO reductase activity (3) . In order to examine the properties and function of the enzyme, we report in this communication the distribution, localization, and properties of an enzyme in a number of plant tissues that reduces N-acetyl methionine sulfoxide to N-acetyl methionine.
MATERIALS AND METHODS Materials. Spinach (Spinacia oleracea), potatoes (Solanum tuberosum), and leek (Allium porrum) leaves were from the local market. Safflower (Carthamus tinctorius var UC-1), pea (Pisum sativum var Alaska), castor bean (Ricinus communis var Baker 290), and barley (Hordeum vulgaris var CM 67) seeds were soaked for 24 h, and then transferred to vermiculite trays to continue the given time periods. Developing safflower and castor bean seeds were harvested from the field and stored at -20°C until used. To purify the chloroplast AcMetSO reductase, the method described by Wolosiuk et al. (18) (8) . After lysis, the protoplast suspension was layered onto a 30 to 60% (w/w) linear sucrose gradient containing 10 mm Tris-HCI (pH 7.5), and centrifuged at 20,000 rpm for 30 min in a Beckman SW27 swingout rotor. Fractions of 1 ml were collected from the gradient, and the AcMetSO reductase activity was determined in each fraction as described below. Fumarase (12) , catalase (14) , ribulose BP carboxylase (17) , and P-enolpyruvate carboxylase, determined as in Wishnick and Lane (17) but using P-enolpyruvate instead of ribulose bisphosphate as the substrate, were used as enzyme markers. Chl was determined according to Bruinsma (7) , and protein by the Bradford method (2) Analysis of the Products. At the end of the incubation time, 0.5 ml 0.5 N HCI and 1.5 ml ethyl acetate were added to the reaction mixture (3). After vigorous stirring and centrifugation for 2 min in a clinical table-top centrifuge, radioactivity was determined by liquid scintillation with a l-ml aliquot of the organic phase. Under these conditions, less than 1% of the substrate was in the organic phase whereas 50% of N-acetyl Met"S was in the organic phase. Values in all the data presented were corrected to 100% recovery. Blank experiments were carried out routinely using both AcMet35S and AcMet35SO. The nature of the 35S product extracted with ethyl acetate was confirmed by TLC under the conditions described above.
In experiments involving the presence of ['4CJMetSO, after stopping the reaction with 20 MA isopropanol, products were separated by TLC as described above.
RESULTS
Nomenclature. The term acetyl-methionine-sulfoxide reductase is employed in this paper since N-acetyl-methionine-sulfoxide was routinely used in the assay substrate. This substrate was selected on the basis that it was easy to prepare and assay. Moreover, it has been reported to be a substitute for methionyl sulfoxide residues in enzyme proteins (3-5). (Table III) . On the basis of enzyme markers, about 85% of the activity is located in the chloroplasts of barley protoplasts, whereas the remaining 15% seems to be cytosolic (Table III) . Finally, when chloroplasts isolated from spinach leaves were disrupted by osmotic shock and fractionated by centrifugation, the activity was mainly associated with the stroma phase (results not shown.
Properties of the Enzyme. Since AcMetSO reductase activity is largely confined to the chloroplast stroma, this fraction was used to investigate the component requirements and properties of the enzyme.
The time course of the reduction of AcMet35SO by a suspension of broken spinach chloroplasts is shown in Figure 1 . The reaction is linear for 1 h. The activity of this crude preparation decreased rapidly when stored at 0WC, and after 24 h only half of the original activity remained in the extract. The more stable and partially purified preparation (see "Materials and Methods") was therefore used in further studies (Fig. 2) .
The reduction of AcMet35SO to AcMet35S increased linearly with the amount of enzyme preparation, at least up to 20 M1 (94 Mug), the highest concentration tested (Fig. 2A) . As indicated in Figure 2B , in the presence of 5 MAl enzyme extract, there was a linear response to increased substrate concentrations up to approximately 4 Mm AcMet35SO. Since our substrate was prepared from L-methionine under conditions at which a mixture of 50% of each isomers, L-AcMet-d-SO and L-AcMet-1-SO was formed (1 1), it was of interest to determine whether or not both isomers were equally effective as substrates. As shown in Figure 2C , the kinetics of the reduction of AcMet35SO strongly suggests that the enzyme does not have isomer specificity, since after 6 h of incubation the percentage of reduction was almost 90%, and the On the other hand, free MetSO, tested as [14C]MetSO, was essentially ineffective when tested with the 30,000g supematants prepared from germinating pea seeds and spinach chloroplasts, and very little reduction was found after incubation with the partially purified preparation from spinach chloroplasts (data not shown). These results indicate that the plant enzyme is specific for MetSO with the amino group blocked, in this case with an acetyl function.
With increased concentrations of the reductant, enzyme activity increased markedly to 5 mM DTT and then essentially showed little further increase up to 40 mM DTT (Fig. 2D) . Under the conditions of enzymic reduction, even at higher levels of DTT (50 mM), no nonenzymic conversion of AcMetSO to AcMetS occurred (Table IV) . Neither NADH nor NADPH at several concentrations replaced DTT as a reductant. Several other physiological reductants were examined. (4) . Finally, the enzyme showed optimal activity at pH ranging from 7.0 to 8.0 (data not shown).
Physiological Factors on AcMetSO Reductase Activity. The variation of AcMetSO reductase activity was followed in pea, safflower, castor bean, and barley seedlings grown in the dark and in the light (pea and barley only). Except in castor bean, where a peak of activity was found after 5 d of germination, the general trend seems to be toward decreasing MetSO reductase activity (Table VI) . Interpretation of these data is difficult since there could be intense activity in a specific tissue zone in the total plant, with little or no activity in the rest of the plant. Finally, AcMetSO 
